The self-assembly of supramolecular structures depends on a subtle interplay of a series of different control mechanisms. The geometric as well as electronic complementarity of the molecular building blocks is crucial for the specific formation of defined supramolecular species. In addition, secondary effects, like templating, also have an important function. The templating ability of different cations in the formation of triple-stranded helicate-type complexes from alkyl-bridged di(8-hydroxyquinoline) ligands is investigated by introduction of alkyl chains of different length as ligand spacers. Hereby a ''size-selectivity'' between the cations and the dinuclear helicate-type complexes {(ligand) 3M2} is observed. Large cations support the formation of big dinuclear complexes, whereas small cations are able to template the formation of small complexes.
T o design and synthesize artificial molecular machines from molecular building blocks we need a deeper understanding of fundamental processes of the self-assembly of supramolecular structures. Stereochemical and regiochemical aspects are of importance as well as the specificity of the formation of supramolecular aggregates out of a mixture of molecular components (1, 2) .
We are interested in the chemistry of helicates and of related complexes because those simple supramolecular coordination compounds allow the detailed study of various mechanistic aspects of self-assembly processes (3, 4) . Hereby we found a template control in the formation of triple-stranded helicates (or meso-helicates; ref. 5) , which can be discussed as a dynamic combinatorial process (6) . First a mixture (i.e., library) of metallo-supramolecular species is formed (i.e., generation of molecular diversity), which in the presence of an appropriate template is transformed into only one receptor͞substrate complex (i.e., selection; refs. 7, 8, and 9-13) .
In this paper we discuss the template-directed self-assembly of dinuclear triple-stranded helicate-type complexes from di(8-hydroxyquinoline) derivatives 1-4-H 2 ( Fig. 1) and show a ''sizeselectivity'' between the templating alkali metal cations and the dinuclear coordination compounds.
Materials and Methods
Instrumental Techniques. 1 H NMR and 13 C NMR spectra were recorded on a Bruker (Billerica, MA) DRX 500 or AM 400 spectrometer by using DEPT techniques for the assignment of the multiplicity of carbon atoms. Fourier transform (FT)-IR spectra were recorded by diffuse reflection (KBr) on a Bruker IFS spectrometer. Mass spectra [EI, 70 eV (1 eV ϭ 1.602 ϫ 10 Ϫ19 J) or fast atom bombardment (FAB)-(ϩ͞Ϫ), 3-NBA as matrix] were taken on a Finnigan (San Jose, CA) MAT 90 mass spectrometer. Molar peaks are often observed in low intensity; however, no signals of other species are observed at high masses. Elemental analyses were obtained with a Heraeus CHN-ORapid analyzer. Solvents were purified by standard methods.
Synthesis. The alkyl-bridged di(8-hydroxyquinoline) derivatives 1-4-H 2 were prepared according to literature procedures (14) (15) (16) .
[Ga2(1)3] ⅐ x [MCl] (M ‫؍‬ Li, Na). Di(3-n-decyl-8-hydroxyquinolin-7-yl)methane (1-H 2 , 15 mg, 0.03 mmol) and Ga(NO 3 ) 3 ⅐ H 2 O (7.1 mg, 0.02 mmol) are refluxed for 15 h in 15 ml of a methanol͞ dichloromethane mixture (1:1). The precipitate is collected, washed with water, and dried in vacuum. An excess of LiCl or NaCl, respectively, is added and the mixture is heated in chloroform͞methanol͞water (5:1:0.1) for 15 h to 35°C. Solvent is removed and the product is isolated by extraction with chloroform.
[Ga2 (1) [Rbʲ (Fe2(3)3) , hydrogens calculated and refined as riding atoms.
The ammonium ion inside the complex occupies three symmetry equivalent positions because of the size of the cavity. The additional ammonium nitrates show some disorder and are refined with isotropic thermal parameters. Hydrogen atoms could not be localized. Remaining electron density could not be assigned in a chemically meaningful way.
The two structures [M(H 2 O)ʚ(Fe 2 (3) 3 )]Cl (M ϭ K, Rb) are isostructural. The quality of the structures is heavily suffering from disordered solvent molecules (for two of them occupancies are set to 0.5 and 0.25), which are refined with common isotropic thermal parameters and restraints. Remaining electron density could not be assigned in a chemically meaningful way.
[K (H2O)ʲ(Fe2(3)3) The fact that an excess of lithium or sodium cations have to be present in solution indicates that the internal cavity of [(1) 3 Ga 2 ] is too small to encapsulate one cation in its interior but two or three cations bind to the ''outside'' of this small metalla-cryptand (Fig. 2) . Similar binding behavior was observed earlier for related dinuclear titanium(IV) complexes of a methylenebridged di(catecholate) ligand (5, 25) . Larger cations than Na ϩ are not able to act as template to stabilize the dinuclear gallium cryptate [(1) 3 Ga 2 ]. Therefore no defined complexes are obtained in the presence of, for example, potassium or ammonium cations (Scheme 2).
We described earlier that the ethylene-bridged ligands 2 in the presence of sodium, potassium, rubidium, or ammonium cations form dinuclear metalla-cryptates [MЈ{ (2) ϩ in either a one-step template-directed self-assembly process (a) or in a dynamic combinatorial approach generating first molecular diversity (b) followed by a selection step (c).
Scheme 2.
Template-directed formation of triple-stranded dinuclear gallium(III) cryptates. The templating ability of different alkali metal cations depending on the length of the carbon chain in the ligand spacer is shown (the radius of the cations is taken from ref. 28 , and is given for hexacoordinated species with a charge of ϩ1). To some extent, the dinuclear triple-stranded metal complexes are able to adjust to the size (and the geometry) of the cationic guest that is bound in the cavity.
Conclusion
The results reported in this paper show that the self-assembly of dinuclear metal complexes from alkyl-bridged di(8-hydroxyquinoline) ligands highly depends on the size of the template that directs the formation of the complexes. It was described earlier that the alkyl-bridged helicate-type dinuclear complexes are able to adjust to the size of different templates by using the octahedral complex units as molecular hinges (6) . However, this adjustment seems to be possible to a limited extend only. In the case of ligands with short spacers small cationic templates are needed, whereas large cavities, which are obtained from ligands with long spacers, prefer bigger templates. To study this effect we used the four ligands 1-4-H 2 where the spacer successively is extended by one carbon atom. The influence of different alkali metal cations as templates for the formation of differently sized triple-stranded dinuclear gallium complexes was systematically investigated.
As a result, defined complexes of the small ligand 1 are only obtained in the presence of an excess of lithium or sodium cations. The somewhat larger metalla-cryptates of ligand 2 are formed in the presence of sodium, potassium, ammonium, and rubidium cations, whereas potassium, ammonium, rubidium, and cesium support the formation of complexes of ligand 3. Dinuclear coordination compounds of the biggest ligand 4 are only observed in the presence of the large cesium cation.
Thus, size-selectivity is observed in the template-directed self-assembly of metalla-cryptates [MЈ{(1-4) 3 M 2 }] ϩ . Only cations MЈ of a specific size are able to support the formation of well defined complexes. If there is no size-complementarity between the template MЈ ϩ and the cryptand [(1-4) 3 M 2 ] (which is a component of a dynamic supramolecular combinatorial library), no selection by the template can take place and no specific product is obtained.
Herein we presented a very simple example where we could show how subtle the influences can be that control the outcome of a self-recognition process. In our case this depends on the molecular recognition between ligands and gallium(III) [or aluminum(III), iron(III), chromium(III)] to form dinuclear coordination compounds and in addition on the control of this process by the selective recognition of templates. The different metal ions, gallium(III), aluminum(III), iron(III), or chromium(III), do not influence the self-assembly process significantly. They all form related triple-stranded helicate-type complexes.
The understanding of fundamental reaction steps as discussed in this paper are essential for a rational design of large supramolecular architectures as found, for example, in nature. Therefore we will proceed to study such simple but important mechanistic aspects of supramolecular as well as metallosupramolecular chemistry.
